Outgassing of Water Molecules During Silicon Fusion Bonding  by Gao, Feng et al.
 Physics Procedia  32 ( 2012 )  628 – 634 
1875-3892 © 2012 Published by Elsevier B.V. Selection and/or peer review under responsibility of Chinese Vacuum Society (CVS).
doi: 10.1016/j.phpro.2012.03.610 
18th International Vacuum Congress 
Outgassing of water molecules during silicon fusion bonding 
Feng Gao*, Ari Hokkanen, Panu Pekko, Anu Kärkkäinen, Jyrki Kiihamäki 
VTT Technical Research Centre of Finland, Tietotie 3, Espoo 02150, Finland 
Abstract 
Wafer bonding is a key technology for wafer level packaging in MEMS applications. By bonding a cap wafer to a MEMS device 
wafer, the mechanical structure can be sealed in a package and protected against the outside environment. Fusion bonding is a 
simple direct wafer bonding technique resulting in high bond strength compared to many other bonding methods. In this study, 
we present a method to bond a cap wafer to a MEMS device wafer which has released moving mass on it. Wafer surfaces are 
brought into a contact (pre-bonded) in vacuum conditions followed with high temperature annealing to strengthen the bond. 
Outgassing of water molecules remaining in the MEMS wafer before wafer bonding was found to be the main reason for bonding 
failures. Scanning acoustic microscopy was used to compare the bonding results between different pre-bonding vacuum levels. 
Good bonding results were achieved at higher vacuum level. This packaging method appears to be a suitable technique for 
encapsulating mechanical sensors with moving mass or other micro structures. 
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1. Introduction 
Wafer level packaging is drawing more and more attention for microelectromechanical system (MEMS) 
applications [1, 2]. One benefit for packaging MEMS at the wafer level is that the free moving MEMS structures are 
protected against possible damage during further processing. Another benefit is that it reduces the costs compared to 
the one-device-one-package schemes. Some wafer level packaging techniques use surface micromachining based 
processes which involve capping material deposition and sacrificial material removal [3, 4]. Others use wafer 
bonding to cover the MEMS wafer with a cap wafer [5]. Various wafer bonding methods have been applied for 
MEMS packaging, such as anodic bonding of sodium glass to silicon, locally heated solder bonding and 
thermocompression bonding of glass to silicon or silicon to silicon with a eutectic intermediate layer [6-9].  
Unwanted gasses are sometimes created within the sealed microstructures during or after wafer bonding [10].
Outgassing forms pressure which may create bubbles at the bonded interface or destroy the vacuum in the sealed 
micro cavity. This is an undesired phenomenon, as it may degrade the reliability and performance of the MEMS 
devices [11]. Methods for eliminating such outgassing and trapped gasses include depositing a barrier layer to 
prevent gas diffusion or leaving a getter inside the package to absorb the gasses [12].
Fusion bonding of silicon is very commonly used wafer bonding technology due to its simplicity and high bond 
strength [13]. However, it is not very often applied for the MEMS packaging purpose because of the high annealing 
temperature and high requirements for surface flatness, cleanliness and smoothness. Outgassing is not a problem for 
fusion bonding in most of the cases. The small amount of water molecules and hydrogen generated from the 
bonding surface can diffuse into the oxide layer [14]. But if the amount of water present at the interface is more than 
the surface oxide can accommodate, the excess gasses may form voids at the bonded interface. 
In our study, we have bonded a MEMS wafer to a cap wafer by silicon fusion bonding. Standard bonding 
procedure failed on most of the wafer area after annealing the wafer pair at 850°C for 2 hours. Outgassing of water 
molecules during annealing was considered to be the main reason for the bonding failure. Higher vacuum levels 
were tested during wafer contacting while other process parameters were kept the same. Good bonding results were 
achieved when the bonding ambient was at vacuum of 1×10-4 mbar. 
2. Experimental setup and procedures 
A single chip area of the MEMS wafer and the cap wafer are illustrated in the Fig. 1. The MEMS wafer has 
vertical trenches of 30µm width ending to 10µm wide horizontal slits. These trenches and slits form a piston shaped 
moving mass with diameter of ~3mm. The cap wafer has pre-etched cavities corresponding to the piston size. The 
bonding surface of the cap wafer is covered by 2µm thermal oxide and by either 20nm atomic layer deposited (ALD) 
Al2O3 or 30nm thermal oxide layer.  
Fig. 1   Illustration of single chip area in both 
MEMS and cap wafers 
MEMS wafer
Cap wafer 
Slit Trench 
Fig. 2   Illustration of the dummy bonding test 
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The wafers were first aligned with an EVG620 bond aligner and then bonded with the EVG520IS wafer bonder. 
During wafer alignment, the wafers were separated by three small flags from the edge. After the alignment was done, 
the aligned wafer stack was fixed and clamped to a carrier for transport. During bonding process, the bonder 
chamber was first pumped to the desired bonding pressure, then the three flags between the wafer stack were 
removed simultaneously to bring the wafers into a contact. The subsequent annealing was carried out at 850°C for 
two hours in a Centrotherm E2000 annealing furnace. The final bonding results were evaluated with a Sonix 
HS3000 scanning acoustic microscope (SAM).  
Our standard bonding procedure consists of the following steps: 
1) RCA1 cleaning for the MEMS wafers. 
2) DI water rinsing for the cap wafers. 
3) Spin drying for all the wafers. 
4) Align the MEMS and the cap wafer with the bonder aligner. 
5) Bond the aligned wafer stack in 1×10-3 mbar vacuum at room temperature. 
6) Put the bonded wafer pairs into the annealing furnace and anneal at 850°C for 2 hours. 
7) Examine bonded interface for voids with the scanning acoustic microscope (SAM). 
Separate bonding tests were made to evaluate the standard bonding procedure using dummy MEMS wafers. 
Those dummy MEMS wafers had the same trench structures as the real MEMS wafers but no slits as illustrated in 
Fig. 2. Bonding results were good for the dummy MEMS wafers with both Al2O3 and SiO2 thin film coated cap 
wafers following our standard bonding procedure.  
When the dummy substrate was changed to real MEMS wafer, the bonding failed on most of the wafer area. Only 
few devices, less than 10% of total number, were successfully bonded as shown in Fig. 3. The only difference 
between the dummy wafers and the real MEMS wafers was the narrow micro slits in MEMS wafers. Drying water 
from such structures is challenging and can be considered crucial for obtaining good bonding results. Our two 
modified bonding processes applied two different vacuum levels in the bond chamber for step 5: 4×10-4 mbar and 
1×10-4 mbar. The average pumping time for 4×10-4 mbar vacuum was about 70 seconds and for 1×10-4 mbar vacuum 
it was about 6 minutes. 
Fig. 3   SAM image of the failed MEMS to cap wafer bonding at 1×10-3 mbar vacuum 
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3. Results and discussion 
In this section, the bonding results in the form of SAM images are discussed together with the simulation results 
of drying water from the micro structures under vacuum. Fig. 4 shows the bonding results for the real MEMS wafers 
to cap wafers bond, bonded at higher vacuum level than in our standard process. In Fig. 4a, the wafers were bonded 
at 4×10-4 mbar, which is 60% lower pressure than the pressure used in our standard process. About 80% of the 
devices were well bonded and the voids distribution forms a similar map as the un-bonded area in Fig. 3. When the 
pressure was further decreased to 10% of our standard (1×10-4 mbar) more than 95% of the devices were well 
bonded, as seen in Fig. 4b.  
Fig. 4   SAM images of the MEMS to cap wafer bonding at elevated vacuum level: a) 4×10-4 mbar, 
b) 1×10-4 mbar; well bonded area are in black 
a b
Fig. 5   Correlation between the bonding pressure and the well bonded area, X-axis is reversed 
Pressure vs. Bonded area
0%
10%
20%
30%
40%
50%
60%
70%
80%
90%
100%
00.00020.00040.00060.00080.0010.0012
Pressure mbar
W
af
er
 a
re
a 
%
632   Feng Gao et al. /  Physics Procedia  32 ( 2012 )  628 – 634 
The bonding results under different chamber pressure reveal clear evidence that the well bonded area increases as 
the chamber vacuum level increases, as presented in Fig. 5. However, the vacuum level should not affect the 
conditions of the bonding surfaces. Our assumption is that water residues remain in the micro structures after spin 
drying. The lower level vacuum, or the shorter pumping time for the lower level vacuum, is not enough for the water 
molecules to dry out from the micro structures before the two wafer surfaces are brought into contact. Therefore, the 
remaining water molecules outgas during the high temperature annealing and build up local pressure, which then 
creates voids at the bonded interface. When the chamber is pumped for longer time to reach higher vacuum level, 
the water molecules get enough time to escape from the micro structures so that the bonding can succeed in most of 
the wafer area.  
The water drying models under vacuum for such MEMS structures were simulated with the COMSOL 
Multiphysics Software. In the ideal situation, according to the simulation, water should flow out of the micro 
structures like continuous film or uniform droplet by vacuum suction within less than a second even at the vacuum 
level of 1 mbar. In the real case, however, water may get stuck at some specific locations such as corners [15]. In 
such cases, liquid phase water is surrounded by vacuum from all axial directions and does not move by vacuum 
suction but evaporates. The evaporation process from the micro slit structures has also been simulated. Under the 
vacuum of 1×10-3 mbar, water evaporates out of the structures within 2 seconds. But the steam density and pressure 
gradient remains for longer time within the structures, as shown in Fig. 6. 
Fig. 6   Simulated steam pressure and density gradient within the micro slit structure after 6 seconds 
under 1×10-3 mbar 
Fig. 7   Steam pressure and density trend in the slit structure within 6 seconds 
Water steam drying under constant 0.001 mbar vacuum 
74
76
78
80
82
84
86
88
90
2 2.5 3 3.5 4 4.5 5 5.5 6
t (s)
S
te
am
d
en
si
ty
(k
g
/m
3)
0.001
0.01
0.1
1
S
te
am
 p
re
ss
u
re
 (
m
b
ar
)
Density
Pressure
 Feng Gao et al. /  Physics Procedia  32 ( 2012 )  628 – 634 633
Simulation time longer than 6 seconds was not tested. However, the trend depicted in Fig. 7 indicates that the 
steam density in the slit structure remains higher than in the chamber vacuum for at least tens of seconds. This 
corresponds quite well with our bonding results under different vacuum levels. Higher vacuum level need longer 
pumping time, thus less water molecules left in the micro structure lead to better bonding result.  
4. Conclusions 
Silicon MEMS wafers with micro slit structures were successfully bonded to cap wafers by silicon fusion 
bonding in vacuum at room temperature. Since the wafers experienced wet process before the bonding process, 
water residues may remain in the micro structures on the MEMS wafers. The poor bonding result obtained for such 
MEMS wafers bonded to cap wafers at our standard 1×10-3 mbar vacuum level suggested that outgassing of the 
water molecules during the annealing caused void formation at the bonded interface, especially around the centre 
area of the wafer. It was proven by experiments that good bonding of such MEMS wafers with cap wafers can be 
achieved by using higher vacuum level of 1×10-4 mbar. Simulations of drying water from micro structures under 
vacuum indicate that water evaporates quickly in the vacuum. However, the steam pressure and water molecule 
density gradient remain longer time, up to several minutes, within the micro slit structures. The simulation results 
agree quite well with the experimental outcome in that higher vacuum level and longer pumping time before wafer 
contacting results in better bonding. Despite of the limitations due to high annealing temperature needed, this 
method is a suitable technique to encapsulate some MEMS wafers with embedded micro structures to achieve wafer 
level packaging.      
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